We report on structural characterization of void-structures created by a micro-explosion at the focus of a tightly focused femtosecond laser pulse inside GeO2 glass. Micro-Raman scattering revealed presence of strongly modified regions around the irradiation sites. Structural modifications due to a pressure increase are observed when adjacent irradiation spots are separated by more than 5 µm. At smaller spacing the thermal effects and crystallization dominate Raman signatures from the laser-modified locations. The mechanisms and interplay of pressure and temperature effects are discussed.
Introduction
Structural modification of materials occur at high pressures and temperatures which are applied statically [1, 2] or dynamically by shock waves [3] [4] [5] [6] . The three-dimensional (3D) enclosure of laser triggered micro-explosion provides high pressure and temperature conditions during the hydrodynamic movement of material up to 1 ns after end of femtosecond laser pulse [7] . Ultra-fast thermal quenching of the micro-explosion site with cooling rates ∼ 10 14 K/s (estimated as the maximum temperature divided by the hydrodynamic time while the matter is moving) [8] should help to retrieve new and metastable phases of shock transformed regions inside dielectrics: glasses and crystals [9] . Apart of a fundamental interest of temperature and pressure effects on glass structure [1, 10, 11] the long term behavior of glasses subjected to extreme conditions is important in applications ranging form construction, solar cell panels, to radioactive waste enclosure [12] .
Laser writing of waveguides in SiO 2 was explained by refractive index increase associated with a local densification. Its origin was elucidated using Raman spectroscopy [13] and is linked to high pressure transformation induced during the laser treatment. It was confirmed by X-ray diffraction experiments [14] that strong changes of the Si-Si and O-O pair correlation distances occurs due to irradiation by fs-laser pulses. As SiO 2 and GeO 2 have very similar behavior to pressure densification [15] or at high temperature [16] , waveguide laser writing ability could be expected in pure GeO 2 .
Here we report on characterization of fs-laser modified regions inside GeO 2 in the case of close packing of the modified regions. Structural analysis were carried out by micro-Raman scattering. The volume fraction of the photo-modified regions was maximized by recording extended areas (with cross sections of tens-of-micrometers) of closely-packed void-structures inside glass sample at a shallow few micrometers depth.
Experimental
Hexagonal, quartz like, Germanium dioxide from Alfa Aesar labeled 99.98% was used as starting product. The glass sample was prepared by melting the starting powder at 1400
• C in a Pt crucible during 36 h and quenching it by dripping the bottom of the crucible in water. A perfectly transparent bubble free glass was obtained. It was then cut and polished to be ready for laser treatment.
To measure the structural changes in vitreous vGeO 2 which have been formed under high pressure and still rest after decompression a piece of GeO 2 was ground in a mortar to a fine powder. The powder was placed in a diamond anvil cell [17] together with spheres (20 µm diameter) of ruby (Al 2 O 3 :Cr) and methanol as a pressure transmitter. The sample was compressed to 9.6 GPa or 15.4 GPa respectively. Raman spectra of the ruby spheres were taken 10 min after imposing the pressure to obtain the exact pressure in the cell [17] . After pressure equilibration the sample was relaxed to ambient pressure and Raman spectra of the GeO 2 sample were taken.
Tetragonal sample was obtained following ref. [18] by grinding the starting material with 0.05 wt% Li 2 CO 3 . The mixture was then heated for 12 h hours at 900
• C. The powder X-ray pattern of the final product showed mainly tetragonal GeO 2 . As to see the effect of temperature two glass pieces were annealed until full relaxation at 610
• C for 4 h and at 470
• C for 100 h. Modifications by micro-explosion were recorded using a standard direct laser writing (DLW) setup consisting of fs-laser and a microscope equipped with a computer controlled PZT-stage [19] . The numerical aperture of the objective lens was N A = 1.42. Three-dimensional (3D) regions of voids were formed inside GeO 2 glass. The irradiated volumes were separated by several micrometers. The energy of 800 nm/150 fs pulses is given at the entrance of the microscope; an overall transmission of the microscope was T 0.4. The irradiated GeO 2 glass, the hexagonal and tetragonal crystals were investigated using a Raman spectrometer (Labram Aramis, Jobin YVON, France) with an objective lens of 100 × magnification and in confocal mode with a 25 µm pinhole, spatial resolution (∆x, ∆y, ∆z) = (0.9, 0.9, 2.0) µm, spectral resolution of 2 cm −1 , HeNe laser at λ = 633 nm. Raman spectra of pure non-irradiated vGeO 2 , quartz type GeO 2 and rutile type GeO 2 were taken for comparison. The compressed and annealed v-GeO 2 samples were investigated using a Raman spectrometer (Renishaw RM 1000 with objective of 50 × magnification, spatial resolution (∆x, ∆y, ∆z) = (1, 1, 2) µm, spectral resolution -1 cm −1 , Nd:YAG laser at λ = 532 nm). Between the measurements all samples were stored in an desiccator.
Results and discussion
Pure v-GeO 2 at ambient conditions has five typical Raman bands Fig. 2 [20, 21] . The main band at 419 cm −1 displays the symmetric stretching of the Ge-O-Ge-bonds. Its position is dependent on the average inter tetrahedral angle θ Ge−O−Ge = 133
• and its width on the angle distribution (about 10
• ). The asymmetric stretching is situated at high wave numbers and is split in TO (860 cm is attributed to the breathing of 3-membered rings of (GeO) 3 . Figure 2 shows separately the effect of densification and fictive temperature on the Raman spectra of v-GeO 2 glass. The spectra for the sample densified at 15.4 GPa is very similar to those obtained previously in similar conditions [15] . The densification causes a strong decrease of the bands at 419 cm −1 and 340 cm −1 , an increase of the defect band D2 (520 cm −1 ) and a strong shift toward low frequency of the TO (860 cm −1 ) and LO (970 cm −1 ) modes. The fictive temperature increase from 470
• C to 610
• C is associated with a slight decrease in intensity of the bands at 419 cm −1 and an increase in intensity of the defect band D2 (520 cm −1 ). The TO (860 cm −1 ) band position decreases by only 2 cm −1 . As it was observed on SiO 2 [13] , GeO 2 samples densified or with increasing fictive temperature show similar evolution of the band position and intensity but with very distinct amplitude. For instance the TO (860 cm −1 ) mode position decreases by 30 cm
for a densified glass at 15.4 GPa and decreases by 2 cm −1 if the fictive temperature is raised by 140 • C. An optical image of the laser structured regions is shown in Fig. 1 . In the region A where the pulses were in single layer and with a 5 µm spacing, voids are clearly seen. The Beck line around them can be distinguished. As the microscope is moved away from the sample, the Beck line is moving towards the center of the voids indicating that they have higher refracting index than their surrounding. This observation suggests that the voids correspond to densified region since in GeO 2 the refractive index increases with density [10] . For the closely packed region (B and C on Fig. 1 ) the Beck line could not be followed.
Raman spectra recorded in region A with large spot separations during laser treatment are presented in Fig. 3 . The main band decreases and shifts slightly to higher wave numbers, the high wave number bands increase and shift to lower wave numbers, the 340 cm −1 band decreases and the defect band at 520 cm −1 increases. All these effects are stronger than those observed on the thermally treated samples (Fig. 3(b) ) and then closer to those of densified samples (Fig. 3(a) and see GeO 2 sample densified at 4 GPa in ref. [15] ).
In the case of a closely packed multi-layer structure of photo-modified volume, region B and C, the Raman spectra showed splitting of the main peak (b) which can be identified as a contribution of crystallized hexagonal GeO 2 and not its tetragonal polymorph which is its low temperature and high pressure form [18] . That tend to demonstrate that in regions B and C, the high-temperature effect prevailed over the high-pressure one. Since v-GeO 2 has a glass transition around 700
• C or down to 500
• C in presence of impurity [18] , recrystallization can be expected to easily happen if enough heat is provided.
A detailed study of the more packed region B is presented in Fig. 4 . Several spectra were obtained by focusing the micro Raman from the non irradiated material to the centre of the laser structured region. The strong increase in intensity of the main band of the hexagonal crystal with the depth inside the region B is consistent with an increase of the proportion of crystals in the middle of modified volume. The laser treatment was proceeded from the bottom of the structured region to its top. The crystallization is therefore more expressed in the center where more interactions between the void-structures took place.
Close packing of the void-structures with separation of 2 µm apparently causes thermal annealing required to the crystallization of GeO 2 (Fig. 4) . The spatial and temporal distribution of temperature after instantaneous point-like delivery is given by [22] :
where χ is temperature diffusivity (for the BK7 glass it is ∼ 4.8×10 −7 m 2 /s [23] ), t, r are time and radius, respectively, and T 0 is the initial amplitude of temperature field. The temperature decays as ∼ t −3/2 while the radius increases as ∼ √ χt. Moreover, laser structured regions have lower thermal diffusivity observed in sapphire and borosilicate glass [23] . The structured regions can more efficiently localize heat which is typical for nanoparticles [24] . The physical reason behind is an increase of scattering in heat transport. The thermal diffusivity is defined by the thermal conductivity, k c , the mass density, ρ m and the specific heat c p at constant pressure as χ = k c /(ρ m c p ). The thermal conductivity, k c , is given by [24] :
where ν is the mean velocity of the thermal carriers phonons and electrons, ρ is the density of the carriers, and Λ = ντ is the mean free path of the carriers defined via the thermal velocity ν and average time interval between scattering events, τ . When dimensions of nano-particles become smaller than Λ, typically several tens of nanometers, scattering increases, and τ is reduced, causing smaller Λ and k c . Hence, a heat accumulation in the laser modified regions is expected. Here in GeO 2 the concordance of this heat accumulation with relatively low glass transition temperature induced massive recrystalization during close packing of the void-structures. In contrary to SiO 2 for which an increase of density and refractive index is observed due to compression as well as the higher fictive temperature, GeO 2 is densified by compression but not at a high fictive temperature [10] . Therefore any further thermal treatments of the dense region in GeO 2 are more likely to release the densification produced by a preceding shock compression.
Conclusions
The presence of structurally modified regions around the void-structures inside GeO 2 glass show signatures of a high pressure effect and refractiveindex increase. When the irradiation sites are closely packed crystallization is observed. Hence, maximization of volume fraction of the laser structured regions can cause annealing of the locations exposed by previous pulses and can cause crystallization and, consequently, light scattering in the waveguide. Laser-writing of waveguides in GeO 2 glass has to be optimized to avoid annealing of the high-density waveguiding core due to the high-repetition rate and close proximity writing.
